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Effect

Introduction
Numerous complex hydrides of light metals and combinations of light and transition metal hydrides have been investigated [1] [2] [3] [4] [5] . Since research by Chen et al. [6] 
Following this work, the Li-Mg-N-H system has been widely studied by many groups [7] [8] [9] [10] [11] [12] [13] [14] , with efforts now concentrated on its improvement as a hydrogen store and, in particular, low temperature hydrogen cycling.
Li et al. [12, 15] 6 Br and magnesium-doped analogues have also been reported [19] , and the effect of lithium halides on the Li-Mg-N-H system continues to attract attention [20, 21] . In this paper we discuss the effects on hydrogen desorption of the addition of various amounts of CaCl 2 and CaBr 2 in comparison to the undoped system.
Experimental
Preparation
The 2LiNH 2 -MgH 2 -‫ݔ‬CaX 2 ‫ݔ(‬ = 0, 0.1, and 0.15; X = Cl or Br) samples were prepared by hand-grinding (HG) or ball-milling (BM) commercially available lithium amide (Sigma-Aldrich, 95%) and magnesium hydride (Alfa-Aesar, 98%) with either anhydrous CaCl 2 (SigmaAldrich, >96%) or anhydrous CaBr 2 (Alfa-Aesar, 99.5%) in the desired molar ratio. All sample storage and handling was conducted in an argon-atmosphere glovebox. Handgrinding was carried out with a porcelain pestle and mortar for 10 minutes. Ball-milling was performed in a 250 ml stainless steel milling-pot in a Retsch PM400 Planetary Ball Mill at 300 rpm for 24h with a ball to sample ratio of 40:1. To prevent temperature rise in the milling vessel, 2 minutes of milling was followed by a 2 minute pause.
Powder X-ray Diffraction
Powder X-ray Diffraction (XRD) data were collected on a Bruker D8 Advance Diffractometer operating in transmission geometry with a Cu K α1 radiation source (λ=1.5406 Å). To protect them from the atmosphere during measurement, samples were sealed between two pieces of amorphous tape.
Thermal desorption analysis
Temperature-programmed desorption data were collected on a home-built system described previously [22] , which was coupled to a mass spectrometer (HPR-20, Hiden Analytical) for in situ monitoring of gas release (TPD-MS). Samples of ~100 mg were heated in quartz tubes at a ramp rate of 2°C min −1 to 400°C in argon (1.5 bar, 100 ml min −1 ) and maintained at temperature for 1 hour before cooling to room temperature. Thermogravimetric analysis (TGA) experiments were performed on a Netzsch 209 TGA with the outlet coupled to a mass spectrometer (HPR-20, Hiden Analytical). The TGA was located in a flowing argon glovebox and was also connected to the mass spectrometer (TGA-MS). Samples of approximately 10 mg were loaded into an alumina crucible and heated at 2°C min −1 to 400°C in argon (1.5 bar, 100 ml min −1 ) and then cooled.
Results and Discussion
Hydrogen desorption from hand-ground samples
Figs. 1a & b show the TPD-MS profiles of the 2LiNH 2 -MgH 2 -‫ݔ‬CaX 2 (X = Cl and Br, respectively) HG samples. The undoped sample desorbed both hydrogen and ammonia; the former started at 340°C and peaked at ~375°C with hydrogen release continuing after the main peak. The addition of CaCl 2 reduced the peak hydrogen desorption temperature and the amount of ammonia released (Fig. 1a) . The lowest peak temperature observed for the CaCl 2 -doped samples was at 310°C for ‫ݔ‬ = 0.15, a reduction of ca 65°C compared to the undoped sample.
The behaviour of CaBr 2 -doped samples was also examined by TPD-MS (Fig. 1b) . Similarly to the CaCl 2 -doped samples, a reduction in temperature of the hydrogen peak and suppression of ammonia release also occurred compared to the undoped sample. The hydrogen peak for ‫ݔ‬ = 0.15 was seen at 275°C, a further decline of 35°C compared to the analogous chloride-doped sample and 100°C lower than the undoped sample. The samples doped with calcium bromide also displayed a second hydrogen desorption peak at similar temperatures to the main peak of the undoped sample. The addition of more CaCl 2 or CaBr 2 ‫ݔ(‬ > 0.15) did not reduce the desorption temperatures but increased the amount of ammonia released.
Hydrogen desorption from ball-milled samples
When samples were ball-milled, the resulting as-prepared materials were different when compared to as prepared hand-ground samples. The BM samples were analysed using powder XRD (Fig. 2) and several phases were identified including LiCl, CaH 2 , LiH, MgH 2 , and an amide phase. Due to the broad peaks characteristic of the powder XRD patterns of ball-milled samples it was not possible to determine whether it was lithium or calcium amide.
The observation of multiple new phases in the BM sample indicated that metathesis reactions probably occurred during ball-milling.
TGA of the ball-milled samples in Fig 3a shows good agreement with the corresponding mass spectrometry profiles in Figure 3b . At temperatures below 300°C the undoped sample lost ca 4.6 wt%, this can be ascribed solely to hydrogen, consistent with the TGA-MS in Fig   3b . Upon the addition of both calcium halides, the desorption process was split into two distinct ranges, the first complete around 230°C. As expected, when the heavier calcium and halide ions were included the desorption capacities for the first step were lower, with These results compare to a lowest peak temperature of 150°C observed for 2LiNH 2 -MgH 2 -0.3Ca(BH 4 ) 2 [15] .
The addition of calcium halides reduces the temperature for both the decomposition of the amide and imide compounds allowing a greater total mass loss compared to the undoped sample. However, the total mass loss from the bromide-doped sample (7.2 wt%) was greater than the theoretical hydrogen capacity of the CaBr 2 -doped sample (5.9 wt%), which indicates that additional gases were evolved. As bromine is much heavier than the other atoms present, this could be accounted for by a relatively small amount of bromine loss, which would be difficult to detect. Experiments are underway to investigate this.
Kinetic measurements
The activation energies (E a ) for hydrogen desorption from the 0.15 mol CaX 2 -doped samples were estimated by Kissinger's method [23] via equation 2 below:
where ߚ is the heating rate, is the peak temperature and is the molar gas constant.
Here was determined from TGA-MS profiles recorded under flowing argon (1.5 bar, 100 ml min −1 ) at heating rates of 1, 2, 5, 10 and 15°C min −1 . As shown in Fig. 4 
Conclusions
The hydrogen desorption properties of 2LiNH 2 The 2LiNH 2 -MgH 2 -0.15CaBr 2 sample showed the lowest peak desorption temperature CaBr 2 reduced the activation energy to 78.8 kJ mol −1 , 24% less than the undoped sample
